Introduction
Cardiotocography is one of the most important methods used in modern obstetrics, where the correct analysis of the fetal heart rate (FHR) signal is crucial for the evaluation of fetal wellbeing. Automated interpretation of tracings allows a precise and accurate quantitative description of the characteristic patterns [1] . Despite newer and more sophisticated techniques of quantitative analysis, the qualitative assessment of fetal condition that could effectively support the process of the decision-making of a physician, remains to be the goal of many studies [2, 3] . The way the clinical expert interprets the recordings, as well as lack of normal limits for signal parameters indicating an uncompromised fetal condition, are prerequisites for the application of fuzzy logic and the fuzzy set theory [4] . One of the first reports on this subject presented possible modifications of the classical expert scoring system using fuzzy inference [5] . Various fuzzy inference algorithms were examined for the FHR evaluation in the intrauterine growth restriction and diabetes in pregnancy [6, 7] . As an extension of these studies, a fuzzy inference system that allows to predict fetal distress on the basis of the analysis of cardiotocographic signals was proposed [8] .
More complex algorithms of the FHR evaluation, based on the artificial neural networks, neuro-fuzzy systems, and support vector machines (SVM) were all investigated as well [9, 10, 11, 12, 13, 14, 15] . Currently, the SVM method is recognized as one of the most suitable classification algorithms for the assessment of fetal condition. The combination of the SVM procedure with empirical mode decomposition provided a highly accurate method in comparison with the interpretation of the FHR signals performed by a clinician [16] . Effective procedures for predicting the risk of neonatal acidemia based on the combination of SVM Słowa kluczowe: monitorowanie płodu / częstość uderzeń serca płodu / / logika rozmyta /
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Objectives
Very often, the accuracy of automated assessment of the FHR tracings is verified by comparing the results with the interpretation of experienced clinicians. Another approach to evaluating the effectiveness of fetal assessment is based on a retrospective analysis involving the assumption that neonatal outcome corresponds to the fetal condition at the time of monitoring. The paper presents a new method of fuzzy classification of the FHR signals, whose effectiveness was evaluated using the results of fetal outcome assessed by Apgar score [20] .
Materials and methods
Quantitative assessment of the fetal heart rate signal
The visual analysis of signal patterns describing the FHR variability is challenging due to the complexity of a waveform shape. To increase the assessment objectivity, the computeraided fetal monitoring systems provide an automated quantitative analysis of tracings, and calculate a set of quantitative parameters that are crucial for the evaluation of fetal condition [21] . To improve the quality of the interpretation, the FIGO guidelines for electronic fetal monitoring were proposed [19] . They established a set of parameters that are crucial for the quantitative description of the signal, along with their dedicated ranges defining the fetal condition.
According to these criteria, the tracing interpretation involves the analysis of the basal fetal heart rate (BFHR), the acceleration and deceleration patterns, as well as instantaneous FHR variability [22] .
In this paper, the typical reference ranges for the number of accelerations/decelerations were replaced with a mean number of accelerations (ACC) and decelerations (DEC) detected per one hour of recording.
The descriptive assessment of decelerations expressed by criteria defining the amplitude and duration resulted in three types: DECA (> 15 bpm, > 10 s), DECB (> 10 bpm, > 25 s) and DECC (> 15 bpm, > 10 s, but related to the uterine contraction). We considered two types of instantaneous FHR variability: shortterm (STV) defining changes of intervals between two consecutive heart beats, and long-term, with periodical changes of short-term variability leading to oscillations (OSC) [23] . Depending on the OSC value, four types of oscillation were distinguished according to Hammacher [24] : OSC0 -silent oscillation, with the amplitude less than 5 bpm, OSCI -narrow undulatory oscillation, with the amplitude from 5 to 10 bpm, OSCII -undulatory oscillation, with the amplitude from 10 to 25 bpm, and OSCIII -saltatory oscillation, with the amplitude exceeding 25 bpm. The FHR tracing can be classified as describing a normal, suspicious or abnormal fetal condition. The proposed criteria of classification, according to the FIGO guidelines, are presented in Table I .
There is no other noninvasive diagnostic method that would provide more precise information about fetal condition at the time of monitoring. The actual fetal condition can be revealed after the delivery only. Assuming that the fetal condition cannot change rapidly during pregnancy, the neonatal outcome attributes can be used as the reference values. In our approach, we selected the 10-min Apgar score for the verification process of our classification algorithms. The score of 5 points was assumed as a cut-off value that defines uncompromised fetal well-being. Table I . Criteria for classification of antenatal FHR tracings according to the FIGO guidelines.
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Fuzzy Classification
The fuzzy classification system, which was described in details as Weighted Fuzzy Scoring System, is the extension of scoring systems used for qualitative evaluation of the FHR tracings [17, 18, 24, 25] . The application of a scoring system involves assigning a given score to a relevant range of values for each analyzed signal feature. The sum of scores assigned to all tracing parameters indicates a qualitative assessment of the fetus. A single fuzzy rule of our system corresponds to a single evaluation principle of a signal parameter that was defined in the FIGO guidelines. The inputs are the values of quantitative parameters of the FHR signal, whereas the sign of the system output value, calculated in the process of fuzzy inference, defines the interpretation of the FHR tracing. A positive sign or a zero value indicates a pathology, while a negative sign represents fetal well-being.
Research material
The research material included the results of analysis of recordings randomly selected from the archive of the computerized fetal monitoring system MONAKO [26] . The data consisted of parameters of quantitative description of the FHR signals and corresponding values of the Apgar score derived from the newborn forms. We analyzed a set of 2124 one-hour antenatal FHR tracings from 333 patients, recorded between 24 and 44 weeks of gestation (mean gestational age: 36 weeks). According to the Apgar score classification, 27 tracings were considered as abnormal. The number of tracings per single patient varied, and the mean value was six per patient. This fact was the reason why three different methods of research data analysis were used:
-one patient -one tracing (OT), when only one single tracing from each patient was analyzed, -one patient -many tracings (MT), when the tracings of all patients were analyzed independently, -one patient -a set of tracings (ST), when the assessment of the fetal condition was a result of analysis of the whole set of tracings recorded from a given patient. Additionally, we distinguished three various principles during the ST analysis:
-the optimistic approach (O) -fetal condition was considered as normal if at least one tracing was normal, -the pessimistic approach (P) -fetal condition was considered as abnormal if at least one tracing was classified as abnormal, -the majority approach (M) -fetal condition was considered as normal if most of the tracings were classified as normal. In the OT approach, the earliest tracing was chosen for each patient. However, gestational age at the time of the recording should not exceed the 37th week of gestation. Consequently, a set of 113 tracings was distinguished, including five corresponding to the abnormal fetal outcome.
Performance measures
To evaluate the effectiveness of fuzzy classification system, we compared its results with the fetal outcome assessed by Apgar score. In addition to the correct classification (CC) index, defined as the number of correctly classified cases expressed as the percentage of the dataset, we calculated also the sensitivity (SE) and specificity (SP) indices. Due to the fact that an increase of SE frequently results in a decrease of SP (and vice versa), we also introduced the integrated classification quality index:
Results
The parameter values of membership functions of fuzzy sets were obtained on the basis of statistical analysis of the available research material [17, 18] . In order to find a scoring that leads to the best classification results, the number of points assigned to the "suspicious" values of quantitative parameters of FHR signal varied from -0.5 to +0.5 with a step 0.25.
The first step of our investigation was to calculate the weights of the fuzzy system, which represent the degree of certainty of the FHR tracing assessment based on the evaluation of a single quantitative parameter. Their values were defined as the normalized areas under the receiver operating characteristics (ROC) curves. The higher the area under the ROC curve, the higher the certainty of the fetal outcome prediction. The results (Table II) show that the highest predictive capability is ensured by the number of acceleration patterns ACC and saltatory oscillation OSCIII. The mean value of the normalized area above 0.60 was also obtained for the short-term variability index STV and the basal fetal heart rate BFHR. The low diagnostic value of the number of decelerations was rather unexpected. However, our previous studies showed that its predictive value increases considerably when evaluating the FHR tracings recorded during labor [27] . For both datasets, the mean area values calculated for all quantitative parameters were the same and equal to 0.62.
In the first group of experiments, we calculated the membership function of fuzzy sets using the parameter ranges specified according to the FIGO guidelines (Table I) . The results are shown in Table III. For the MT approach, the fuzzy analysis based on the original FIGO ranges did not provide satisfactory results. The accuracy of the fetal assessment did not exceed 60%, while the quality described by QI was equal to 66.3%. A significant effectiveness improvement was noticed when analyzing single tracings. The application of OT approach resulted in an increase of both accuracy and classification quality (CC = 88.7%, QI = 73.4%). The ST approach using the pessimistic (P) principle, as well as the majority (M) approach, did not improve the results. However, with the optimistic principle (O), a significant improvement in the classification accuracy and quality was noted (CC = 93.6%, QI = 81.3%). Nevertheless, the number of false negative results remained high, because in the group of 27 abnormal tracings eight were classified as normal.
In order to improve the classification, we modified the ranges of ACC, STV and OSC0, previously established according to the FIGO guidelines. New boundaries are shown in Table I in brackets as the indices of the original values. This modification allowed us to increase the sensitivity of the classification due to the strengthening of the assessment criteria (Table IV) .
After modifying the class ranges, we achieved no falsepositives cases, which improved the classification quality using OT, as well as the optimistic principle with ST approach (CC = 70.9%, QI = 84.0%).
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Discussion
The objective of the proposed fuzzy scoring system is to evaluate fetal condition on the basis of the analysis of the quantitative FHR parameters in a manner that emulates the interpretation criteria used by expert clinicians. These criteria were the basis of conditional rules, defining the fuzzy inference. Direct application of class ranges for particular FHR parameters (derived from the FIGO criteria) did not give satisfactory results due to the relatively low sensitivity. A significant improvement of the classification quality was noticed after modifying the ranges of ACC, STV and OSC 0 .
The new limits may seem excessive from the perspective of the FIGO criteria, however the analyzed tracing features are represented by mean values for the entire recording, not the instantaneous ones calculated for a selected fragment of the tracing. Reducing the possibility to classify the tracing as "normal" increased the probability of detection of pathology but also increased the risk of false alarms. Nevertheless, the assessment of a single tracing and the optimistic ST approach significantly improved the final classification quality. As the higher classification effectiveness was obtained when analyzing the earliest tracings, it seemed reasonable to include gestational 
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Ginekol Pol. 2013, 84, 38-43 age in the fetal assessment criteria. Although the evaluation of tracing sets (ST), combined with the optimistic approach, is questionable in terms of medical application, it provides the best effectiveness of fetal assessment. It is also consistent with the characteristics of FHR monitoring, since the reassuring signal features in about 95% cases are confirmed by a normal fetal outcome. In cases when the parameters of the FHR quantitative description are beyond the normal ranges, other diagnostic procedures are recommended to confirm the risk of abnormal fetal condition.
Conclusions
In the presented work we investigated the possibility of assessing fetal condition on the basis of the FHR tracing evaluation using a fuzzy inference system. We analyzed a set of parameters of quantitative FHR description included in the FIGO guidelines. These criteria were also the basis for the development of the rule base of the weighted fuzzy scoring system. The verification of the classification effectiveness was performed using the results of the retrospective analysis in relation to fetal outcome assessed by Apgar score. Various methods of data analysis were applied in our experiments. The approach based on a common assessment of the whole set of tracings recorded for a single patient resulted in the highest effectiveness of fuzzy analysis. The results proved the possibility to support the process of fetal assessment with FHR through the implementation of the heuristic rules of inference in the fuzzy signal processing algorithms.
